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STRESSED COVERINGS IN NAVAL AND AERONAUTIC CONSTRUCTION.*
By L. L. Kahn.

Introduction

Aeronautic constructors have for many years been trying
different kinds of stressed coverings where'rigidity is secured
by materials in the sheet form. Through the shape of the models
and through the problems presented by their resistance, these

o coverings have become incorporated in the standard construction
of hulis.

Generally, and particularly in naval construction, the d4if-
ficulties due to the use of thin materials are summed up in
rather vague expressions, such as "local weakness," "insufficient
rigidity," etc. Aeronautics, however, has a very valuable means
of observation, namely, the static test. The structure is loaded
to the breaking point. The engineer has under his eyes a pic-
ture, almost a caricature of the distribution of the load and of
the nature of the risks. The process of failure and the means
which, after a failure, are successful in keeping the structure

. intact in the region stipulated in the specifications, show that,

in structures with thin materials, the risk of buckling dominates

*"Les Bordes Travajillants en Construction Navale et Aeronautique,"

from a pamphlet "Association Technique Maritime et Aeronautique,®
- May-June, 1937. This article was also published, in part, in the

"Bulletin Technique du Bureau Veritas," June, 1927, pp. 119-1236.
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the risk of failure through simple tension. It is, however, a
risk difficult to detemine accurately and difficult to eliminate.
This is why the new system has thus far promised more than it has
given.

We propose to méke a study of the difficulties and théir ap-
propriate solutions. In this elementary study, we have been com-
pelled to follow the observations closely with the aid of calcu-
lations and simple hypotheses and to determine exactly rather
than to innovate: The question of buckling has been mentioned by
all who have investigated fatigue in hulls.*

The buckling has itself been studied,** but the parasitic sec-
ondary role hitherto assigned to it is too limited. The same phe-
nomenon occurs in both naval and aeronautic construction, namely,
the critical load falls in the working range, when it concerns
metal plates used in the covering of hulls or very thin plates
used with inadequate stiffening in the stressed covering of an

airplanz. We are t.us led *to revise the conclusions generally

*iug. Nommand: "Bulletin de 1'A.T.M., 1892, "Note sur la varia-
tion du wuids ¢= charpente des navires avec les dimensions et sur
la limitation qui en résulte dans la grandeur absolue."

L. Vivei: A.T.M,, 1894, "Etude sur la fatigue des navires."
Note, in rarticular, the limitation of the admissible loads for
small ships.

Bertin: A.T.M., 1913 and 1914, "Esquisse d'un chapitre d'archi-
tecture navale." liote the increase in the admissible loads with
the increase in the size of the ships.

Gille: a.T.M., 1915-1930, "la construction des coques mé&tal-
liques, son évoluticn et son avenir." 4
**Uarbec: A.T.M., 1912, "Note sur le flambement des poutres et
anneaux élastiques."

Thuloup: 4.T.M., 1923, "Fatigue des matériaux et sécurité des
constructions." | v
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accepted, particularly on the variation of the working stress in

terms of the dimensions, a variation which.plays the principal

role in the limitation of the size by increasing the weight of

“the structure.

gram

The millimeter is taken as the unit‘of length, and the kilo-

Notation

as the unit of force. We will use the following symbols:

Bow

A

Ao .
Y,

O
m
s

len
Young! s modulus;
breaking ioad;

vending moment;

inertia moment of a section with reference to the axis
of the flexures passing through the center of gravity;

cross—sectional area of spar or longeron;
distance of matter farthest from axis of inertia;
thixkness of spar or longeron;

vidth of srar or loageron;

ninygr inertia mom~nt of covered area considered sepa—
re.5e"y. . e., the mouent which enters into Euler's for-
nlia appil ud to the covering alone,

thickness of covering;
cross section of covering;

ratio i/s or square of radius of gyration of covering
alone; ‘

radius of curvature of one undulation of the covering;
distance between the couples;

ratio of circumference to diameter.
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Symbols not given above are defined as they occur in the
‘text.
1.
Advantages of stressed coverings, as applied to
aéronautics. Difficulties of execution, which

may destroy the theoretical advantage of weight.

On a ship the strength resides principally in the coverings
of the hull and deck. The bottom of the hull and the planking,
on the one hand, and‘the‘upper decks, on the other hand, consti-
tute the flanges of a veritable girder, which transmits from bow
to stern the stresses at each level. The advantage ofisuch a
structure is to cause to participate in the resistance the maxi-
mum number of longitudinal elements, whatever their role in the
structure, and to impart to the sections of the girder the maxi-
mum inertia due to the utilization of the elements farthest re-
moved from the neutral line. The ratio of wiizht to strength
is thus reduced to the minimum.

It was with ricid airships that the transfer of the ele-
ments of resistance to the periphery made its appearance in
aeronautics. Instead of securing longitudinal strength by a
special girder separate from the envelope, as in nonrigid air-
ships, this gircder is composed of the framework over which the
envelope is stretched. In the Uﬁited States the use of duralu-

min less than 0.2 mm (0.008 in.) thick has even been considered



N.A.C.A. Technical Menorandum No. 447 5

for the outside stressed covering.

On airplanes the covering was first stressed only for trans-
mitting the external pressures at short distance between two ad—
jacent ribs, and strength was secured by spars or lattice gird-
ers. Nevertheless, systems of stressed covering with elimination
of spars has been introduced and is justified by the following»
considerations:

Fabric covering has the disadvantage of deteriorating in a
few months when éxposed to the inclemencies of the weather. On
the other hand, when the wing loading of an airplane is large,
the number of the ribs must be greatly increased in order to
avoid excessive tension of the fabric. Hence, coverings of ply-
wooC or metal have been used. Unfortunately, while doped and
varnished fabric weighs only 0.4 kg/m= (.'.082 lb./sq.ft.), ply-
wocd 1.5 mm (0.06 in.) thick weighs 0.9 kg/m® (.184 1b./sq.ft.)
and auralumin 0.35 mm (0.014 in.) thick weighs 1.015 kg/m?® (.208
1b./sq.ft.). Hence zn 1800 kg (3968 1b.) airplane with a wing
loading of 80 kg/m< (13.39 1b./sq.ft.) would require for wing
covering alone:

24 kg (52.9 1b.) of fabric, or 1.3% of the weight;

54 " (1119 " ) " wood, or 3% of the weight;

60.9 kg (134.3 1b.) of duralumin, or 3.4% of the weight.
We are thus led to determine the relative strengths of the cov-
erings in order to reduce the weight of the frame.

This is all the more desirable because, if we could localize
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resisting elements in the covering, we would give the structure
an inertia and consgquently a2 rizidity greater than with the
}same weight of material in the form of spars or longeromns.

We will consider, for exemple, a fuselage with four longer-
ons covered with plywood, which can give alone, although only
1 mm (0.04 in.) and 1.5 mm (0.08 in.) thick, half of the necessa-
Ty inertia. In order to be able to include it in the resistancé,
as also the intermediate supports which rest on the bulkheads,
it suffices to arrange them in continuous, suitably combined mem-
bers from one end of the fuselage to the other.

The theoretical advantage of the weight procceds first from
the elimination of the fabric and the memberswhich support it
and, secondly, from thc smaller weight of the resisting members
themselves. The latter cause is itself due to two causes. On
the one hand, it is possible to utilige all the available height,
a portion of which was occupied by the supports of the covering,

the rib flanges and the nose battens. On the other hand, all the
material is spread out on the surface.

Let us see, for example, what can be saved in the weight of
~a longeron. For this purpose, let us find how the stress in the
material would vary according to the mode of construction, with
equal Weight and under the same bending moment. We will thus
have a minimum saving in weight, in that the lightening, corre-
soonding to the incrcase in the safe load, diminishes the weight,

the necessary surface area and consequently the bending moments.
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The safety factor of the material varies as I/v. Suppos-
ing it concerns a rectangular longeron with two like flanges
and a total height or thickness h, the distance between the

flanges inside the longeron being h' and the width b, then

L U
12 ’

<
wlzrlo’

Put b(h - n') = 8, cross—sectional area of longeron.

Then
I.ghry 48t 40
c=8gl1+4 h2]
ht o, ht'® . h! s
The values of 1 + E— + E:— in terms of - are indicated
below for different values of -%l between O (case of solid

1onqeron) and 1 {case of lonzeron with infinitely thin flanges

wheTe all the material is on the surface).

Taple I
%; = 010.1 | 0.3 0.5 | 0.8 | 0.9 | 0.95] 0.99 | 1
\ 2 :
1 +-§l + 27 = 1 01.11{ 1.24| 1.75| 2.44 | 2.71] 2.85| 3.97 | 3

Let us compar: two longerons, one solid and, because of the
covering, occupyin: only C.9 of the available height, while the
other occupies the whole height with an infinitely thin flange
formed by the wing covering. The ratio of the I/v or of the

3 _'_'-7)__::"'
safe loads is 0.5 DedB.
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Inversely, the ratio of the weights, for equal factors of
safety, would be 0.3 at thé most. There would accordingly be a
saving of at léast 0.7 of the weizht. Of course, this is an ex—
treme case. When box longerons with thin flanges are used in-
stéad of solid longerons, the expression 1 + %L ‘%%i approaches
its maximum value. There is still a saving but of less amount.

Another advantage of this method of construction is that it
does not localize the strength in separate pieces, whosé failure
would entail the ruin of the structure. A breaking test enables
the detemination of its mode of action in this case. During
such a test on a metal airplane with stressed covering, we found
that large blisters appeared at the factor 7, 1eaving*no doubt
but that certain regions no longer shared in the load. No break
occurred, however, below the factor 12. The stresses had, in
the interval, passed around the weakened areas.

It is therefore advaniageous to employ this mode of construc-
tion whenever possible. It has spread very rapidly in the con—
struction of fuselages. The fuselages are subjected, however, to
much smaller couples than the wings. For example, on some can-
tilever monovplanes, the bending moment at their points of attach-
mén% reaches more than ten times the maximum bending moment in
thé fuselage, and the cross section of the fuselage is six times
thicker than that of the wings.

The production of thick wings with thick junctions promoted

the employment of siressed coverings for the wings. Such air-
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plancs are not vet made in Quantity production, however, although
the first attempts date back to 1915. There were encountered
Gifficulties of orinciple, difficulties due to the thinness of
the matérials, and also serious difficulties of execution.

Tée principle of stressed covering consists, in short, in
causigf*tﬁe stresses to be transmitted by surfaces instead of by
iinearf;iénents. In the case of localized stresses, reinforce-
ments aré'required for distributing them. This is the case, for

mple,&when it is a question of attaching the struts or stays
which, fortunwtely for this type of construction, are being in-
crea31nglxwgllm1§ated with thick wings. But the same difficulty.
arises, eifﬁer igfdemountable elements or in the case of an open—
ing (cockpit) required for the utilization of the airplane. In
both cases it is necessary to pass from the system of stressed
surface to the linear system. The smaller the airplane, the
greater these difficulties appear and the greater the weight of

the 1oca1 reinforcerients relative to the total weight. On the

contrgry,vas the airplanes increase in size, their importance
dimiﬁiﬁhég, like the local reinforcements on a ship. The diffi-
culties due to the use of thin materials will be studied in de-
tail when we investizate the stresses.

The structural difficulties have especially to do with the

difficulty of workingz inside the wing in attaching the covering.

Fabric can be attached without diificulty, because it can be

sewed. With wood, the gluing can still be donc from one slde

-
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With metal, on the contrary, the riveting presents difficulties

which we will examine more closely while reviewing the principal

rmethods crmployed.

II.

Fitness of the different materials, wood, steel and
1light metals. Different standards of comparison.
Lightness is a special advantage where there is
danser of buckling. Determination of zone where
buckling is to bec feared. Danger of ‘buckling of
the cove rings in novil ceasyvmi tion. Limits of
adnissible loading. Tulluincz cn liritation of
size of sihips. Thrinness of aeronautic materials
nececsitates consiceradle reinforcement. Comp
parison of different materiéls. Minimum stiffen-

ing requircd.

We will now see how the system of construction with stressed

covering cppears, particularly in the wings, from the viewpoint
of the strength of the materials.

Table II gives the mechanical properties of the materials
which have this far been used in airplanc cbnstruction, i.e.,
wood, duralumin, and steel. t also includes mognesium and its

alloys,* —hich have thus far been used only in engines and pro-

*We have been able to usc the data on the ﬁechanical properties
of alloys and light wetals according to Mr. Lecocuvre of the

"Service Tecaplque de 1'Acronaut1que " who has likewise called at-—
tention o the exceptional propertles of glucinum (also known as
beryllium). These data were glven by Mr. Lecoeuvre in a lecture
before the "Socicté Francaise de Navigation Aériemne," not yet
published.
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i
pellers. Their use in the glider will doubtless encounter diffi-
culties but, as we shall see, would have its advantages. Lastly,
as purely indicative, we have included glucinum. This is still a
laboratory product, and its price is prohibitive, but it has re-
markoble propertiecs. We will disrezard the questions relative to
production and protection against corrosion.

Several numbers are given for each group of materials. These
vary with the composition, the treatment and also according to the
experimenters. Moreover, the relative strength of the joints and
the mocde of employment itsclf dften modify the number to be adopt-
ed. ¥We will doubtless never ohtaln very definite results in this
manner. In fact, with the present dimensions of airplanes, the
results prove that it is very difficult to choose. For example,
in the recent contest of pursuit airplancs, the performanceskand
weights of different airplenes present differences of the same

order of magnitude, whether the material is the same or not.

- E R d
Wood 1,000 3-6 0.5-0.8
Steal 22,000 40-120 7.8
Duralunin, annealed 7.800 20 2.9
" hardened 7.800 37 3.9
" treated and aged 7,800 40 2.9
Magnesium, forged* 4,500 24 1.7
Electrum, cast** 4,600 14.2 1.81
: " forged ‘ 4,600 31.6 1.81
Dow netal, forged*** 6,378 34 1.79
Glucinum**** 32,000 40 1.8

For footnotes, see next page.
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In order to study the comparative value of the materials, we
will suppose'them to be used on aiiplanes of the same type, iden-
tical in shape and dimensions, with the same total weight and the
same distribution'of the homologougkmembers. Thuéythe test loads
will be the same and identically distributed, so that the stresses
and the monents in the homologous-parts will be the same. Both
experimentation and calculation indicate for what multiple causes
the construction carnot satisfy resular requirements. None of
these causes, deflection, fatigue, buckiing, furnishes a standard
of comparison. The choice of the best material will follow there-
fore from the criterion which renders superfluous the considera—
tion of tﬁé:others. Tris will cepend on the type and especially
on the dimeasions.

The wing structure nust in particular guard against the fol-

lowing risks of rupture. The air pressure on the wings is trans-

rmitted to the fuselage, which supports the principal loads, and

* Commercial nagnesiun.
**lasnesium—zine alloy with 94% Mg made by the "Chemische Fabrik
Griesheim Zlektron."

**¥#¥1nonesium—aluminue alloy, American. On the properties and com—
position of light alloys, see Mr. Grard's dissertations on air-
plane construction. While awaiting the publication of the complete
French documents, the detailed information can be found in the
Journal of the Royal Aeronautical Society of London. The December,
1926, mumber contains a comrmunication by W. R. D. Jones particular-
1y devoted to magnesium and its alloys. See also the "Giesserel
Zeitung" No. 9, 1925, which gives o little smaller mumbers. _
****Voung's modulus is deduced from the formula E=8x10° (d/a)” in
which a denotes the atomic weight and d the density. We do not
vet have the experinmental confirmation for glucimum, but the pre-
ceding formula of Peczalski applies well to all known metals, es-
pecially those with small atomic weights. See T. Peczalski, "Comp-
tes Rendus de 1'Académie des Sciences," Vol. CLXXV, 1923, p.500.
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consequently produces bending stresses in the direction of the
span, with maxirum bending noments at their points of attachment
to the fuselage. The bending moment iq“offset by the moment of
the elastic forces relative to the axis of‘inertia of the attach-
ment cross section, the fatipue being given by the well-known

formula for girders

3]
{
< bl

It ié necessary to remember that the formula is applicable, espe-
cially to the stressed covering, only when the internal bracing
prevents the flangés from shifting with reference to one another
and, in general, only when the cross-sectional rigidity is assured.
Simple compressive or tensile forces, which we will have to con-
sider, appear in the bracing. This being the case, the security
is assured, according to Saint Venant, when the fatigue given by
this formula is admissible for the material employed.

This resistance to flexure, however, produces secondary ef-
fects, which are often very serious. 1In fact, and this is espe-
cially to be feared when the covering is thin, it is possible
that, under the action of the load just defined, the compressed

flange is in danger of buckling. In this event, the security,

according to Euler, is not assured. We recall that the critical

load of buckling is (See Appendix):

If this risk-1s guarded ageninst by greater thicknesses (and




¥.A.C.A. Technical lenmorandum No. 447 14

£

we shall sece 0 what thickness it will lead), the saving in weight,
due to the employment of the stressed covering, will disappear.

Lastly, at the ends of the lattices which constitute the web
of the spar, at the points of attachmient of the covering, local
stresseé’would be produced;‘due tc defects of convergence of the
lattices in the junciions, which might themselves endanger the
structure. We are speaking of local flexures, on the covering;
flexures which are exerted over short distances, but are very im-
portant, due to the masnitude of the stresses, of which the lat—
tices may be the seat. They anpear all the more, the less defi-
nite the neutral line of the covering at which the lattices should
cross; for example, when the covering is cellular or corrugated.
In this case, the’secondary resistance in the junctions is not
assured. The fatigue of the cdvering at the flexure is given by
the same formula as for the girder, but in which I and. v
apply only 4o the coveria.

The flexure must thersfore be examined: according to Saint
Venant; agcording to Luler; from the viewpoint of the secondary
stresses at the junctions.

The transmiséion of the aerodynamic pressures in the direc—
tion of the wing chord, the action of the ailerons and the travel
of the center of 1ift yield, on the other hand, to an effect of
flexure following the ribs and to an effect of torsion which
tends to twist the generatrices of the wings into helixes. In

general, if the preceding conditions are fulfilled, the resist-
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ance to flexure according to Saint Venant is here assured and it
oniy remains to assure the resistance according to Euler by the
same methods as for the longitudinal flexure. As to the resist-
ance to torsion, the polar inertia of the sections is generally
sufficient to prevent any great displacement of the center of
1ift, the system of stressed covering in fact rendering this iner—
tia maximum.

We still have to examine the resistance to compression of
the wing considered as a panel subjected to an external positive
or negative pressure. This resistance is likewise assured in
general when the preceding conditions are satisfied. Neverthe-
less thce normal compression con play the role of a transverse
stress on a girder exposed to the risk of buckling and conse—

quently tends to diminish the critical IToad.

It does not suffice to remain below the limit of admiésible
fatigues, but it is furthcr necessary to prevent the deformations
in flight from attaining vaiucs sufficient to modify the pressure
distribution or from initicting dangerous conditions. It is |
known that when the scctions are indeformable, the deflections
are given by the flexures and are proportional to 1/EI.

In order to compare the different materials with one another,
we are therefore led to classify them according to the following
elements:

Safc load in simﬁle compression or tension with equal weight;

Security against flexure R/M/I/v or RI/v, since M is
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by hycothesis the same for one airplane as for another;

1/EI, deflection due to bending;
EI/1®, ecritical load of compressed flange.

1. Safe load in simple compression or tension, the parts
teing of the same weight and their cross sections inversely as
their densities. The materials are therefore classed as R/d.

3. Faticue at the flexure RI/v.

A.- Case of two thin flanges of like widthi

= —lj’f— :.ll _I.:::M
I ne 5 v 5 5 5 »

b and h Deing constant and e varying as 1/d. The materials
are classified according to R/4. ‘
B.— Cage of two parts of like cross sectione I varies

as S%, v as S8Y?. The parts are classified as R/d%*® .

3. Fatigue at the flexure in the flange alone, for default
of convergence in a junction, etc. The inertia of the flange,
its width being constant, varies as e® and i/v varies as e3.

The materials are classified according to R/d?.

| 4. Deflections. The standards of comparison are established
as above. W%e find E/d for the tension; E/d for the deflec—
tion due to the flexure of the wing with siressed covering, if
tie width of the flange is constant; E/3°® for the deflection

due to the flexure, the sections remaining similar.

5. Buckling Ei/1°. If the thicknesses of the flanges are
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inversely proportional to their densities, we find that E i1 var-
ies as E/d°. 1If, on thc contrary, the width and thickness of the

Y . ~a 2
flanges are reduced proportionally, we find E/4~.

Farther along we will give the classification of thc‘materials
according to the different criterions which we have just estab-
ligshed. The materials are classificd in the order of their impor-
tance and we have underlined thc usual materiazls with their usual
worling stress in the calculations relative to a static breaking

moTre

These results are now/clearly shown in Figs. 1-3. Fig. 1
gives the dennities os abscissas and the breaking strengths as or-
dinates, while Fig. B gives the modulus of elasticity. More exact-
1y, the logarithme of these quantities were plotted. Thus the
curves BR/d = const., R/&® = const., E/& = const., etc., are
reduced to straight lines whose dimensions are read on the corre-
sponding scales. It is thue obvious that, in proportion as the
degree of the denominator increases, the scale of classification
approaches the gcale of the densities.

" The essential conclusion from these figures is the following:
If we compare the materials from the viewpoint of their suitability
for stressed coverings, in the form of sheet metal or boards, we
find that when there appear secondary risks of buckling or of rup-
ture for default of convergence in the junctions, the less dense
materials are the best. This is because these are the ones which,

for a given weight, offer the maximum looal inertia.
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Thus the security according to Saint Vemant is classified by
R/d and E/d. It assigns to the usual materials neighboring
places and, excepting for very great differences in density, the
classification is determined by the mechanical properties. On
the contrary, the secondary risks and, more especially, the secur-
ity according to Euler, which is ¢lassified according to E/d°,

gives the advantage to the light materials, headed by wood.

Table III.

Classification in R/d R/a¥ 2
Glucinun ' 22.2 Wood (R=7; d=0.5) 19.35
Dow metal, forged 18.9 | Glucinum 16.7
Electrum, forged 17.45 Dow metal 14,15
Steel at 120 kg/rm2 15.4 Wood (R=5; d=0.5) 13.8
Magnesium 14.1 Electrum, forged 13.15
Wood (R=7; 4=0.5) 14.0 Macmesium 10.9
Duralumin, treated Wood (R=7; 4=0.8) 9.8

and aged 13.8 o

Wood (R=3; d=0.5) 8.3

Steel at 100 kg/mm? 12.8
Duralumin, treated and

Wood (R=5; d=0.5) 10.0 aged 7.72
Duralumin, hardened 9.3 Wood (R=5; d=0.8) 7.00
Wood (R=7; d=0.8) 8.75 Electrum, cast 5.94
Electrum, cast 7.85 Steel at 120 kg/mm2 5.53
Duralumin, amealed 6.9 Duralumin, hardened 5.21
Wood (R=5; d=0.8) 6.25 Steel at 100 kg/mm2 4.61
Wood (R=3; d=0.5) 6.00 Wood (R=3; d=0.8) 4.2
Steel at 40 kg/m?2 5.13 Duralumin, annealed 3.86

Wood (R=3; d=0.8) 3.75 Steel at 40 kg/mme 1.84
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Tabie III (Cont.)
R/a®
Wood (R=7; d=0.5) 28.00
Wood (R=5; d=0.5) 20.00
Glucinum 12.35
Wood (R=3; d=0.5) 12.0
Wood (R=7; d=0.8) 10.9
Dow metal, forged 10.45
Electrum 9.65
Magnesium 8.3
Wood (R=5; 4=0.8) 7.85
Duralumin, treated and aged| 4.75
VWood (R=3; d=0.8) 4.7
Electrum, cast 4.35
Duralumin, hardened 3.21
Duralumin, annealed 2.38
Steel at 120 kg/rm? 1.98
Steel at 100 kg/mme 1.64
Steel at 40 kg/mn 0.66

19
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Table 1IV.
E/d \ E/d° E/&®
Glucimm 17720 | Glucinum 9900 | Wood (d=0.5) | 8000
Dow metal 3540 | Hood (d=0.5)] 4000 | Glucimum 5500
Steel 3820 | Dow metal 1965 | Wood (d=0.8) | 1955
Duralumin 2680 | Wood {d=0.8)] 1570 | Dow metal 1090
¥acnesium 2640 | Magnesium 1555 | Magnesium 916
Electrun 3540 | Electrum 1400 | Electrum 775
Wood (d=0.5) | 2000 | Duralumin 926 | Duralumin 319
Wood (d=0.3) 1250 | Steel 362 | Steel 46.5

These two viewpoints coexist in all airplanes, though in

different dezrees. In the usual structure with spar”%;or more ex-

actly when the stresses are localized in special members, the
security according to Saiant Venant pla&s the princip évrole. On
thé contrary, when the stresses are transmitted by t :?surfaces,
as in the case of stressed coverings, the security aCEBIding to
Euler, dominates. The stressed covering does not, hbééver, ex—
clude the local forces, no more than the systems with}épars elim-
inate the danger of buckling. This is why we do not;arrive at
any definite conclusions on the basis of the estimaféé weight of
airplanes designed. '

For illustration, let us seek, in the particular case under
consideration, (namely, stressed coverings of sheet metal or wood)

the limit of action of the different criteriomns and, more precise-

ly, the 1limit between the security according to Euler and the
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security according to Saint Venant. This amounts to determining
under what conditions the load on the flange, at the moment when
the vending causes tne gircer to break, is less than the crit;—
cal buckling load. We will then see how this condition can be
artificially modified so as to eliminate the risk of buckling.
Since the flange is very thin, it may be assumed that all

the matter is equally distant from the rotational axis of fhe
cross sections when the girder bends, and that consequently its
loading is uniform. The condition is then expressed by
Rg < E%égi,' 1 being the free distance between the points of
attachment o?“the covering; and k, a coefficient which varies
fromvl to 4;?yhen the covering is held between two points, ac-
cording to tﬁé degcree of fixity. Let us recall that we take

k =1 for 2 frce herispherical ends;

k =2 for 1 free end and 1 fixed built-in end;

k=4 for 2 fixed ends.
Let us note further that R may denote not only the breaking
load, but more often the load which it is not desired to exceed
in the designing. If we put j° = %, in order to introduee the

- radius of gyration of the covering, it becomes

2,1 R
12 xm=2E

In order to fix the ideas, let us assume that the value of the
degrees of fixlity of the covering renders it possible to assign

to k¥ +the value 2 and that the distance between the ribs or
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the bulkheads is 600 mm (23.62 in.) and calculate the limiting
thicknesses for the different materials employed in plates or
voards of the thickness e. Then 32 = -%23- and we find that
e > 467 (%ffizmm. For the limiting values of e, we obtain the

numbers in Table V.

Toble V.
Glucinum 18. 5 mm Wood at 5 kg/mm? 33.0 mm
Steel at 40 kg/mm? 19.8 " Duralumin, treated
: and aged 33.4
Duralunin, ammealed 23.6 "
: Magnesium 34.2 "
Wood at 3 kg/mm2 25.6
Dow netal 34.2 "
Electrun, cast 26.0 "
Steel at 120 kg/mm=2| 34.4 "
Duralunin, hardened 37.5 "
‘ Electrum, forged 8.8 "
Steel at 100 kg/mm? 31.5 "
Wood at 7 kg/mm2 39.0 "

These values are very similar for the usual materials.* In this
list there are oﬁly two thicknesses corresponding to actual con-
struction: 19.8 amm (0.78 in.) at 40 kg/mm2 (56,894 1b./sq.in.),
corresponding tc the dimensions in naval construction; 25-33 mm
(0.98-1.3 in.) for wood, corresponding to boat mlls or to the

wings of 3-10 ton airplanes with stressed coverings.

02]

ecause R/E differs but little for these materials.
coefficient renders it possible to classify the mater-
»ding to the magnitude of the deflections for the same

, the values are given in Table VI.

jre 1
L
!

-2
-

M @
C
O

)

oL ) %
Q et e
w2

46

AV

-,

O WO e
w

ct

-
[
o
Q
ct
o]
x]




Ted.C.A. Technical Menmorandum No. 447 23
Table VI.
Glucinum 0.00135 Wood at 5 kg/mme 0.00500
Steel at 40 kg/mm? 0.00180 Duralumin, hardened
and aged 0.00512
Duralunain, anncaled 0.00356
Macnesium 0.00535
Wood at 3 kg/mm? 0.00300
Dow metal 0.00535
Electrum, cast 0.00310
Steel at 120 kg/mm® | 0.00540
Duralumin, hardened 0.00346
' Elcctrum, forged 0.006390
Steel at 100 kg/rm? 0.00455
Wood at 7 kg/mmz 0.00700

These numbers must be reparded, moreover, as simoly indicat-

ine an order of magnitude.

For cxample, on ships the steel is

stressed well below 40 kg/mm?, (56,894 1lb./sq.in.), which reduces

the critical thickness as above defined.

It is true that 1

CX~

cecds 800 mn (23.82 in.), but it will be seen that it is just be-

cause of thc risk of buckling that it is not used so much.

When

this risk is c¢liminated, as we shall show farther on, the working

stress can be increased.

Let us solve the inverse problaem.

the critical load of buckling to be

_am
Ro=%7

2

2

E

K

o]

l

Given ¢, 1, k, we find

For stcol, E = 23,000. Consequently, R = 38,000 f% :

Let us takec for 1 and e the values given in the rules of
the "sSurcau Veritas" for steel ships: spacing of the ribs between

the collision bulkhcad and the caboose; thicknesses of outside
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covering of the bottom and of the middle wall (1926 edition,

Teble II).
Table VII.

' Lonzitudinal l e Critical load
mumber mm mm kg/mm?
170-305 555 7.0 5.7

1065-1465 605 3.0 8.0
7350-8740 705 13.0 12.2
16000-18330 765 15.5 14.8
33100-36800 840 18.5 17.5
€5000-71000C 830 23.0 20.0

The critical load is very small in the small scantlings,
where it 1rmit81£ﬁé adiissible flexure, but it increases in the
large structures. This is because efl increases with the lon-
gitudinal number. In any case, it is ‘Temarkable that the pro-
gression of the admissible loads is precisely the one pointed
out to the "Association Technique laritime" by the authors men-
tioned, after experimental confirmation. This limitation should
therefore probablf‘be'attributed t0 the buckling and can be cal-
culated by Euler!s formula.*

It follows from this that, in small ships, there is no ad-

vantage in using high-resistance steels for the coverings. It

*In ordcr to justify this incrcase in the admissible load, it has

been suzgested that it was only apparent and that, in reality,

the bending moment increases less rapidly than is supposed. Nev-

ertheless, the increasc in lengtih and the relative diminution of
the Gepth, due to the limitation of the water draft, render it
difficult to assume constancy of the bending fatigues with in-
creasing dimensions, the relative weight of the hull remaining
the same.
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is, in fact, E and not R which limits the admissible load.
It could, on the contrary, be incrcased by the methods which we
will study in further detail in connection with aeronautic con-
struc%ion. It is obviously very ¢ifficult to predict the moment
when the weight of the structure will 1imit the increase in the
dimensions. All depends, in fact, on what hypothesis is made on
the variation of the working stress. If the same is retained'
as for small structures, it would surely be pessimistic. If,
with the same material, the variation in the working stress
should be extrapolated, it would be optimistic because, after
reaching the thicknéss for which buckling is no longer to be
feared, the working siress must remain constant. At this moment,
however, a stronger steel can be chosen and thus the admissible
stress can be increased anew.

In aircraft construction, the critical thicknesses, except
for wood, are much greater than the thicknesses corresponding to
the present size of our airplanes. It would not be possible,
therefore, with the system of stressed covering, to use the mater-
ials at their full mechanical possibilities, because their fail-

ure by buckling would precede their failure in Saint Venant.

" For example, in the first static test of a small airplane of

. 1500 kg (3307 1b.) of 1.6 mm (0.063 in.) duralumin, the working

stress did not exceed 10 kg (232 1b.) for a maximum static—test
coefficient of 9. On stiffening with 1 kg (2.2 1b.) of supple-

mentary material, it was possible to pass to the coefficient 13,
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the load in the covering reaching an average of nearly 17 kg/mm?
(24,180 1b./sq.in.). It is obvious that, even after this stif-
fening, we are still far below the breaking strength of duralu-
min. »

Before passing to the easures which enable the elimination
of the ris¥ of buckling outside the limits of employ, it is int-
eresting to see on what element thé critical thickness of the
covering cepends and to examine the role of the coefficient
1//=. Ia order to make it as small as possible, we cannot
think of diminishing 1, that is, of multiplying the ribs be-
cause, in this way, we would lose what we would gain on the
flanges, but it is necessary to make k maximum, i.e., to make
it give to the covering the maximum degree of fixity at each
rib. For this reason, the ribs must not be very light, as in
the usual structures, but veritable btulkheads fixing, at the
same ti-e, the position and direction of the covering with ref-
erence to the attachment. They must have a good width and their
flanges must be carefully connected with one another, in such
manner as not to deform, and especially not to warp one another.

f we could thus make k = 4, the preceding thicknesses would
be Givided by./2.

Another conclusion from this fommula is that there is no
advantage in varying the thickness of the covering; for example,
from the fixed end to the tip of the wing. There is danger, in

fact, of going below the critical thickness and thus being unable
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to utilize fully the resistance according to Saint Venant. It
would be better to diminish as much as possible the chord of the
wing on which the covering is subjected to stress, so that, tak-
ing account of the variation in the thickness of the wing, we
would not have to vary the thickness of this covering. This sys—
tem congists in not trying 0 subject the covering to stress on
a portion of the wing chord and in returning to the box girder
system.

These results can be zreatly improved by increasing = %
or, more precisely, the ratio m =-% which characterizes the lo-

cal inertia of a covering of given thickness. For a sheet

T S
s 4 I
A powt i = ..__Z'.___... =
m o= 0.389.
e v 12 M
The condition BRg > kTEL on taking account of i =m® e® s
. PR il -~ _Lg B g R

is then ' ritten

m

>__L__1/Z§
JET® e K
Lercre considering the processes employed for obtaining this
local inertia characterizéd by m, 1let us find the values re-
quired for m in the order of magnitude of our airplanes and ac-
cording to the materials used. We will put m' = = -2, S0

that @' =1 for a metal plate or a bosrd. The coc’ficient m!
will chieracterize the ratio in which a maitericl must be stiffened,

in order to remove the danger of buckling; thatl is, the degree of
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transformation to which the material nust be subjected. We will
call m' +the coefficient of stiffening.

Lot us first assume, as belore, that the airplanes arc of
the same welght with the sane jistribution and, in particular,

that +hc coverings are of thae sane weight. Then € varics as

P

1 . - ' R
3 and »' as d,\/f.

£, on thc contrary, thac covering is subjected to the sanme

and n' as Bkhg’

vut the laiter coefficient of comparison assumes that the stne

stresses in Saint Veaant, € varics as

o] TS0

ctressce have becn retained while, for exomple, the weight of the
coverinz nns been replaced by a useful load producing the stme
effects on ithe siructurce. In practice m depends simultanecously

. when is diminished, the weight and the

(3] e}
k3l [eh

surfoce oreas can be diminished, but further stiffening is Tre-
gquireé %o preveat ouckling.. Tae rosult is obtained by direct

calcula’ion. Tadle VIII gives the classification of the moter-

Iwg

jals ~ococording to the criterions dv/ and Rvﬂ%, which are pro—-
N

o

portion:l T the coefficient of stiifcning.
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Table VIII.

dJﬂg_ | Rvﬂ§_

Wood at 3 kg/mm® (d = 0.5) | 0.0374 Wood at 3 kg/ m? 0.164
w5 (d = 0.5) | 0.0353 neoowo o5 o 0.353
Wood at 7 kg/mm® (4 = 0.5) | 0.0409 |Wood at 7 kg/mm? 0.164
L (@ = 0.8) | 0.0438 E1eo£rum, cast 0.79
w5 (@ = 0.8) | 0.0565 [Duralumin, annealed| 1.01
Glucinun 0.0646 Glucinum ‘ 1.415

Wood at 7 kg/mm® (d = 0.8) | 0.0670 [|Duralumin rdened | 1.535

Dow metal, forged 0.0955 |Steel at 40 kg/mm2 | 1.71
Electrum, cast 0.1005 Mapgnesium 1.75
Magnesium 0.124 Dow metal 1.83
Duralw:in, annealed 0.147 Electrum, forged 2.62
Electrun, forged 0.150 Duralumin, hardened |-

and aged 2.86
Duralw:in, hardened 0.170

Steel at 100 kg/mm2 | 6.75

Duralu:in, hardened

and awred 0.208 Steel at 120 kg/mm2 | 8.90
Steel at 40 kg/mm? 0.333

" " 100 M ' 0.526
Steel at 120 kg/mm? 0.577

These results are swmarized in Fig. 3, which illustrates
the advantage of light materials. An examination of Table VIII
and Fig. 3 shows that m increases consgiderably in passing from
wood to the light metals and from the latter to steel. With

equality of weight, steel at 100 kg/m® (142,235 1b./sq.in.) must
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be stiffened 16 times as mich as wood, hardened duralumin 5 times
as much, magnesium 3.5 times as much. With equality of safety
stress, steel at 100 kg/mm® must be stiffened 19 times as much as
wood, hardened duraluzin 4.5 fimes as much, and magnesium 5 times
as much.

Let us see to what value ofj n' we would be led, in the ox-
der of magnitude of existing aifélanes, in order to concrete
these results. For this purpose, let us begin with a 2 mm (0.08
in.) covering of duralumin at 27 kg/rm? (38,400 1b./sq.in.).

Let us assume, as before, that k =23 and 1 = 600 mm (23.62 in.)
and determine the corrésponding thicknesses of the other materials
and the value of m' in all these cases, necessary to eliminate
the danger of buckling. We will assume that the thickness of

the covering is to be determined either by equality of weight or
by equality of safety factors. In the latter case we will be
able to determine the relative weights of the covering. The in-
versions would give the ratio of the factors of safety with
equality of weight. All this is summed up in Tables V and VIII.

Table IX indicates the values to be assigned to the coeffio-
ients m or m' in order to be able to pass from the consider-
able and obsolete thicknesses indicated in Table V to the thick-
nesses which would be used in stressed coverings on present-day
airplanes. These values lie between m = 1.41 (a value very

easy to obtain) for woods used under a small load, and 77 for

steel at 120 kg/mm® (170,682 1b./sq.in.). They would be dimin-

W
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ished or increased according as onc would be led by the calcula-
tion of Saint Venant to employ thicknesges greater or smaller
than 2 mm (0.08 in.) for duralumin. They are inversely propor—
tional to the thickness and directly proportional to the distance
between bulkheads and to the 3/2 power of the assumed load. It
should ve noted that m does not affect the weight of the struc-
ture and characterizes only a form of employment of the materials.*
Lacking an adequate value of m, supplementary weights would have
to be used. Generally, however, m will lead to high conversion
costs or to difficulties in mounting, i.e., to an increase in the
cost of construction. The use of standard section metal or plates
might, however, reduce construction costs to values which would
not be pronibitive.

Section III will show how there have been given or how it
has been proposed to give/t; values of the order of magnitude of

those indicated in the preceding table.

*If Pcczals¥i's law were exact, m would be proportional to the:
nroduct of the assumed load multiplied by the atomic weight.
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Table IX.
Comparison of thickness, weight and stiffening, according

t0 the materials used.

Equality of weight
- / R 1= R
m=33.3d 5 m!'=80.74 £
m m! e
1 2 3
mm
- Wood at 7 kxg/mm® (4 = 0.5) 0.955 3.3 11.6
L ney (@ = 0.8) 1.56 5.4 7.25
" 5 M (& = 0.5) 0.322 2.84 11.6
Wood at 5 kg/m (d = 0.8) 1.317 4.55 7.35
woo o #3 (d = 0.5) 0.638 2.21 11.8
noowm3 v (g =0.8) 1.02 3. 53 7.25
Steel at 40 kg/mm? 5.75 19.9 0.75
" " 100 M 13.5 43.2 0.75
Steel at 120 xg/mme 13.43 46.5 0.75
Duralumin, annealed at
20 kea/rm? - 3.42 11.8 2.00
Duralumnin, hardened at
27 xg/mm? 3.96 13.7 2.00
Duralumin, aged at
40 kg/rm= 4.84 16,7 3.00
Maconesgium at 24 kg/mm? 2.88 10.0 3.4
Electrum, cast 3.3 8.05 3.2
n forged 3.5 12.1 3.2
Dow metal at 34 kg/rm? 2.32 7.7 3.24
Glucinum at 40 n 1.51 5.23 3.23
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Table IX (Cont.)
Comparison of thickncss, weight and stiffening, according

to the matcrials used.

Equality of safe stresses
m = 3.5R &. m' = 8.65R &.
o E
' \ Relative
o 1 e weight
4 5 8 7
min
Wood ot 7 kg/mm2 (d = 0.5) 1. 4865 5.07 7.7 0.66
" myooow (& = 0.8) 1.465 5.07 7.7 1.06
" ny (d = 0.5) 0.883 3.05 10.8 0.93
Wood at 5 kg/mm? (d = 0.8) 0.883 1.413 10.8 1.49
" vz o (d = 0.5) 0.41 1.412 18 1.55
t noz o (a = 0.8) 0.41 1.412 18 2.48
Steel at 40 kg/mm? 4.26 14.7 - 1.35 1.81
. " 100 M 16.8 58 0.54 0.727
Steel at 120 kg/mn® 23.8 7% 0.45 0.6805
Duralumin, annealed at
20 kg/im?® 2.523 8.7 2.7 1.35
Duralunin, hardened at
27 kg/rm?@ 3.96 13.7 2.0 1.00
Durzlumin, aged at
40 kg/umn® 7.15 24.7 1.35 0.674
Mapgnesiun ot 24 kg/mm? 4.47 15.5 2.25 0.66
Electrum, cast 1.93 | 6.7 3.8 1.18
Dow metal at 34 kg/mm? 4,57 15.8 1.59 0.49
Glucinum at 40 n 3. 54 12.25 1.35 0.422
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IiI
Different ways of imparting the necessary rigidity
to the covering. Multiple thicknesses, stiffen-
ers, corrurations. Proposed solutions. Practi-

cal difficulties.

Te »roposed netiods of construction might be classified
systematically, either from the viewpoint of rigidity or facil-
ity of fastcning. The ingemuity of inventors and manufacturers
is vecing untiringly devoted to the latter problem and we will
not dweil on it here. We will consider all the possible methods?

Lounting by separate eléments;

Opénings which enable the passage of the nands and head and
which are closed at tie last moment;

Tubular rivets with cyes through which the rivets can be
closed from the outside by mcans of a special tool;

Systems designed to arrange the Joiants in such a way that
the covering can be riveted eantirely from the outside, without
including, for exceptionally difficult riveting, the use of sets
of mirrors or pliers of complicated design and small-bodied ap-
prentices who can crawl inside the wings.*

The methods used for imparting a high value to m can be

clasgified as follows:

*This system requires a projection on the wing which is utilized

only on coverings partially stressed, the jointe being parallel to

the ribs, Pornier method, Wivault fold.
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1. Covering in multiolc thickness;
2. Usinz stiffencrs;
Corrugpting the surface;

4. Cormbinations of these ethods.

The first method consists in employing, instead of a single

(o]

o . .2 2
taickness e, for waich J~ = %2 and n' =1, for example, two

platcs of thickness e/2 separated by a distance f, for which

12 \ e=?
| m = /1 +3%4 éi;
=/ st S

or gﬁ/ﬁ if f 1is large in comparison with e.
For cxample, the obtention of the values of m' indicated in

Table IX, column 6, would require:*

Yood at 35 kg/rm? - for f =19.0 mm
(7112 1v./sq.i7.) (0.75 in.);

Steel at 100 kg/—n® ~ for f = 19.4 mnm
(1422335 15./sq.1in.) (0.76 in.);

Duraluain at 37 kx/mm?@ for f = 15.8 mnm
(32400 1v./sq. in. ) (C.83 in.);

Mronosiun - for f = 19.8 mm

(0.78 in.).

The comwonents of the double covering are therefore very
thin. much thinner than those employed in naval construction.
3

If the two coverings are separated, the inertia of the single

*Thig nmounts to giving f practically double the radius of gy-
ration of the voards or plates whose thickness is given in Table V.
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covering would be theoretically increased, but the total inertia
of the zirder would be decreased. loreover, for the two layers
to be included in the inertia of the covering, it 1s necessary
for the commections betﬁéen them to be adequate, so they can be
considered as constituting a single covering.*

Obviously there is a difference obetween such a double cover-
ing and those employed in naval construction. In ships it is
made by causing to share in the resistance the plates near the
end plates, made continuous for this purpose and which would
otherwise constitute a dead weight from the vieWpoint of resist-
ance, but the mutual aid of two adjacent plates in preventing
their individual buckling between beams is due largely to section
irons placed at the ends of the diagonals and floor boards or to
the comecting bulkheads. ilevertheless, the total inertia of the
cellular regzion helps to prevent the buckling of the whole between
the suvports constituted by the large transverse frames or bulk-
heads. In acronautical coustruction it is difficult to work in
the small space enclosed in the double shell, so that the use of
special section irons cr wcoden blocks shaped in advance has been
considered.

The use of stiffeners mckes 1t possible to employ a single
covering. The inertia of the covering is reinforced locally. If

the connection between the stiffener and the covering is adequate,

*0f course, the connections and the longitudinal partitions can
be included in the section of covering, so that the thickness
e, as given in Table IX, coan be somewhat reduced.
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so that the 1ocal rotation of the plating entails that of the

[#1e]

stiffener, we can take, as tihc inertla of the covering, the in-
‘ertia of the figure about al. axis passing throuzh the center of
>ravity of the whole sectlon of the plate, including the stiffcn-
er. The inertia of the plate is Taus increasced by adding to it
the inertin of the stiffener and by replacing the neutral axis
throuzh the median line of tae plate with a nore rermote neutral
axis.

in order to produce this coandition, the stiffeners must oe
very near one another, which eutalls gre2t difficulties of exe-
cution. Te are then led to use large stiffeners, at too long
intervals, sc that we cannot introduce the total energy of the
covering into Euler's fommula. The neutral axis moves away from
the pvlate on the right of each stiffener and returns to the plat-
ing at the :aiddle of the intervals.  Experience proves that, at
the time of the static test, there is a blistering between the
stiffeners, so taat the latter arc the only stressed elenents
and sust be reinforced ancw, when the plating, reduced to the
role of covering, is too heavy for this purposé alonc. The sys-
tem of siressed covering is therefore converted into a system

with multinle longerons wit: the agzravating condition that the
flanges are not adequately joined and there is no economy in
weight nor zain in security. Hevertheless, a stiffener can im--
prove a plate which is lacking in rigidity. It not only nelps

with its ow: rigidity, dbut it stiffens quite a zone of the cov-

ering in its vicinity.
b
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For exauple, lct us calculatec a stiffener composed of bands
normal to the plating, equidistant and of the same thickness ¢€,,
as the ulating. Let us assume their width to equal their equi-
distance p; €. Then the axis of inertia is at a distance %l-el
from thec plating and the inertia of a band of width p, e, be-

cones

. 3

pl + 5p1

.13 24 /7’

The section is 3 e.2 and the radius of egyration is
1 1 ay

1 5pf
el/i'§+ 24

or practically .
: 3= 0.46 py, ;-

If it is asgumed that we have to do with duralumin at
27 kg/im2 (38400 1v./sq.in.) held every 600 mm (33.62 in.) with

k = 3, the value of j can be deduced directly from Table v.

J =2 _ = 87:5 = g mm
J 12 /12

If it is assumed that the same section ve employed as in
the simple covering whose thicknesses are given in Table IX,
then e will be 1 zm (6.04 in.) instead of 2 rm (0.08 in.) and
we will have p = 17.5 mm (0.2 in.). Thus an adequate stiffen—
ing can be obtained by substituting, for a single plate 2 mm
thick, a 1 mm plate stiffened every 17.5 rm by @ band 1 mm thick
and 17.5 mm wide. In the same manner we find for the interval

and width of the stiffeners:
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For wood at 5 kg/mm® (7112 1b./eq.in.) 21.2 mm (0.835 in.);
" gteel " 100 " (143335 " ) 20.2 ' (0.795 " );
" magnesium 21.9 " (0.8862 " ).

In the same manner we could calculate the distribution of the other
stiffeners, such as the standard sections, bulb angles, etc.,
used iﬁ naval construction. The principal difficulty (lessened
in naval construction by hot riveting and welding) is to secure a
close union of the plates and stiffeners.

Corrugations likewise render it possible to increase the in-
ertia of the covering with only a single thickness. Moreover,
they are easy to make. Let us assume, for example, that they are
semicircular with a radius of r, if we disregard e°/r® Dbefore

unity, the inertia of such a plate is me r® and j = in-
-~

I
c 2
stead of -w==—= for a flat plate.

V12

m! =,J/6 %-

Experience shows that the result of this calculation is op-
timistic, due to the fact that we have considered a series of
complete corrugations, like so many closed tubes. As in the
case of the stiffeners, the line of inertia of the covering is.
not a straight line, but an undulating curve, which approaches
the covering more or less closely. |

Moreover, the corrugations, which should be employed in the
direction of the span, have the serious disadvantage of impart-—

ing a sinuous path to the air flow around the wing and of thus
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diminishing the fineness of the profile. Hence they are employed
externally only in the direction of the ribs. In the latter case,
the covering can no longer be regarded as a veritable stressed
covering. These corrugations are therefore associated only with
an internal structure of spars or girders. A method derived
from the latter consists in utilizing corrugations as local stiff-
eners. ‘

Of course the various processes just enumerated canfée used
to stiffen the plates in the direction of the span or inéghe di-

rection of the chord; also crossed corrugations and stiff%hers

or cellular systems with rectangular meshes.

Figs. 4-16 illustrate the methods employed by varidﬁg con—
structors, as taken from patents issued in France. :

The distances are about five times as great in Isherwood's
system (Fig. 4) as in the classic system and the danger of buck-
ling had to be combated by special stiffeners.

Stressed-covering construction avpears to have been first
introduced into aeronautics by the Nieuport fuselage, but it was
in Germany, and doubtless because of the experience acquired in
the construction of Zeppelins, that the rules of construction
applicable to stressed wing coverings appear to have been enunci-
ated for the first time in nearly complete form (1915-1918). We
will mention the methods of Junkers, Zeppelin, and Dornier. Since
. the war, the number of researches and inventions in this connec—

tiom bas greatly increased in France (S.I1.M.B., Bubert, Dewoitine,
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De Boysson, Wibault, Kahn). We will give a few characteristic ox-
amplcs.

Conclusions

The chief conclusion from the viewpoint of the employment
of stressed coverings in aerondutics is that the structural prob—
lem is to use the minitum amount of matter to give the inertia
and, wmorc accurately, the radius of gyration necessitated by the
danger of buckling: The smaller the airplanes and the denser the
materials composing them, the greater the risk of buckling. In-
stead of overcoming it by the difficult and expensive means which
we have passed in review, weilght is lost instead of geined on
the classic types of construction. We have not dwelt on all the
difficulties. The methods we have described are often silent on
the question of attachmeats and openings and generally on the
union with the stressed linear elements. ' In this connection, it
is possible to lose all the theoretical saving in weight.

The results are not yet brilliant. In spite of the role at
first played by Junkers and Dornier, the covering is not stressed
longitudinally in either the Junkers commercial airplane or the
Dornier "Wal." 1In France there have been several very interest-
ing tests and many investigations, but the only practical air-
plane constructed and tested in flight is no lighter than air-
planes of the same class of standard design.

Nevertheless, the question is a2n important one, because the

smallest saving in weight is valuable in practice and the trans-
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mission of stresses by surfaces instead of beams increases the
safety, especially from the military viewpoint.* It is because,
thus far, the economic conditions of aviation bave necessitated
keeping the construction costs near those of the previous methods
of comnstruction, that inadequate values of the coefficient of stif-
fening have been attained and that not ail the economy of weight
of which the system is capable, has beén found. There is need of
pursuing the problem further and improving the results.

Thesevdifficulties.grow less, as the airplanes grow larger.
The structural problem will join that of naval construction, where
the system of stressed coverings is the conventional system. The
transition will be easier, if demountability can be dispensed
with, and if wood construction is retained, becausé the coeffici-
ent of stiffening is smaller and consequently the transformation
of the crude material less difficult. Lastly, when we can use
"extra light" alloys in airplanes, the employment of metal cov-
erings will be facilitated. |

In ships the secondary ;isks appear to play the same role
as in airplanes, and it seems that buckling must participate di-
rectly in the calculation of,thg mlls. The comparisons which
we have been able to make, show that we have the means for calcu-
lating the effects. Fortunétely the thicknesses required are

such that they can be easily improved without necessitating, as

*De Fleury, "Les mé€taux 1l€gers au dernier Salon de 1'Aéronautique"
‘in "Technique Moderne," Jamary and February, 1937.

Hauser, "Influence économiqye de la légérete dans la construction
des navires" in "Bulletin de 1l'Association Technique Maritime,"
1890.
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in aviation, the veritable elaboration of a special material.

Appendix
Note on the Critical Load of Buckling.

Diff crent Formulas Proposed for Determining It.

In the present treatisc we have always used Euler's formula.
Very nany cxperiments, however, have shova that it would be bet-
ter, in certain cases, to use differcnt formulas, either Rankine's
or Strand's (See article by Soulages in "Rcvue Generale de
1'Aeronautique" No. 5, p. 134).

For the critical load with unity of section, the three for-

mulas give:

Bylor: kn?E _ Kk,
Buler: /l\? /'.7;\-2
j f" ‘\j /
2
Rankine: ———— }
RN
3\-j_./
Strand: k,e (3/ s
which can be written
‘ Ko

2
1.+ k, (%} + ...

We'did not think btest to resort to the formulas of Rankine
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and Etrard for the following reasons:

1. Whea it is a question of comparing materials with one
another, whatever formula is used, consideration of buckling al-
ways involves the cdmparisbn of :‘L/l2 for the different materi-
als because, in all the forrmlas, it is always in terms of i/l
that the breakiny load is determined. Consequently, there would
be nothing to change in our conclusions, if the formula of Euler

were replaced by elther of the other formulas.

3. When it is a question of determining the i/° of the
covering which zives the buckling, we have kept within the zone

where the different writers agree that Euler's formula applies.

3. Moreover, Euler's forrmla corresponds to a well-defined
object and appears to be beyond criticism, when it is isolated.
It assumes that the vuckling girder fails through the conven-
tional process of flexure. This proceés presupposes essentially
the inceformavility of the section whose inertia is introduced
into Euler's formula, i.e., the inertia of the compressed flange,
which is the case under consideration.

Euler's formula is therefore applicable except in the two
following cases:

a) When compression plays a more important role in the
destruction than flexure, as in the case of a very short girder.
If the girder is of zero length, we must find the load in pure

compression, which is exactly measured on taking a very short
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girder. Renkine's formula is therefore approximately applicable.
I+ has bcen found to give the sdme results as Euler's formula

C .2 . ‘ . . - .
when i/l ig very small and the breaking load when i/1 is

very large.

) Then the cross section does not remain indeformable
after the vuckling vegins. It must not be forgotten that the in-
ertia of the section is introdﬁced into the conventional calcula-
tion of the flexure, because a rotation of two adjacent sections
about a neutial axis is assumed. 1If, therefore, there is a local
buckling and not a buckling of the whole between the supports, it
is at least not possible to consider the buckling as a convention-
al flexufe,'but it is an artifice for introducing into the calcu—
lation the inertia of only a portion of the section. Obviously
we would thus obtain a critical load which could be incomparably
smaller. This is what happened in the small tubes investigated
by Soulages, which buckled under compression, but we must take
for r +the radius of the tube or the radius of gyration of the
thin wall, or an intemediate temm. When this mode of failure
is possible, the load is still further reduced than in the case
of buckling.

In order to avoid this, it was proposed to stiffen the walls
of the tube by corrugations, or the corrugatidns themselves by
st111 smaller corrugations, particularly at a long distance from

the neutral fibers. Protection is thus afforded against local
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>uckling (Junkers patent, Fig. 6). This tendency to local buck-
ling apgpears to ccpend on the treatment of the naterial. It
scems therefore that we must not be, satisfied with E, but must
determine a particular coefficicant, which is done in Strand's for-
mula whcre X, represents the breaking load by compression of a
very short tube, a load varying according to the specimen. It is
then harmonizZed analytically with Euler's fommula, when i is
very saall.

Therc s5till remains in Eulexr's forrmula an indefinitcncss re-
garding thc value to ve assigned to k. In practice therc is no
clear distinction betwecn the attachnents of the extremities.

The flexibility of these attachments varies from zero to infinity,
<hen X varics from 1 to 4. It would be desirable to undertake
precise experimentation (with at least the precision of the "com-
parer" ond of the Poggencorf mirror) on the value of Xk and the
shape assuzed after buckling, when the usual methods of attach-
ing the coverings to tac beams are employed. Such experimenta-

tion would supplement the well-known experiments of Raclot.
Influence of very Stiff Elements.— Elastic Buckling

Yhen elements not exposed to buckling coexist with thin ele-
ments, the buckling of the latter does not entail their immedi-
ate failure. It seems that they transmit their loads to stiffer
elements. This phenomenon may save a structure, when it occurs

in the vicinity of the imvosed limits and is explained as follows:
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Let us assume, for simplicity, a model consisting of an ele-
ment F.I. with small inertia, whose extremities are joined to
those of an element G.I. of great inertia not exposed to buck-
ling: Let us assume these two elements to be of equal cross seo-
tion. So long as F.I. does not buckle, the compressive load
is equally distributed between F.I. and G.I. Let us see how
it is distributed when F.I. buckles. The distribution is con-
trolled by the condition that the ends of G.I. and F.I. are
joined and that therefore, at each instant, the chord of F.I.
remding equal to the length of G.I. shortened normally accord-
ing to Hooke's law. If E is the modulus of elasticity, G.I.
would e snortened by 1/E of its length for every load incre-
ment of 1 kg/mm2.

The element F.I., assumed, for example, to be held be-
tween free round ends, takes the shape of the linear element of

Bernoulli. The load R and the shortening 4 are given by the

formulas
— 4FE =3 =
R_%JHI, A =2 (1-H).
(According to Bouasse, "Resistance des matdériaux" and "Mathé-
matiques rénerales.")

H, and H» depend on elliptic integrals and simultaneously

take the following values:




Y,A.2. 4. Tecnnical ¥ euorandum Ho. 447 a8

5, H, A
. e
I = 2.4673 1 0
2. 4676 0.99987 0.00026
‘ 2.4691  ©.99935 0.00130
2.4708 0.59873 0.00254
2.4734 0.39759 0.00482
2.4768 0.99528 0.00744

For a small overload on the critical value, the shortening
is practically proportional to the overload and, on designating

by E' +the ratio of the overload to the elongation, we have

B _4E , H; - 2.4673
7Y T2a-®)
or practically
Y-
Et =4.62Eaz—é-.

Let us assume F.I. to be a steel nlate 10 mm (0.394 in.)

thick and 600 = (23.32 in.) long. Then

. 2
=%
i . E__
It = 1,087 X 10 E, or practically E' = 5555

Conscquently, when the load is increased, F.I. 1is stressed
10,070 times less than G.I., or O.lg for 1 kg. The ratio var-
ies, noreover, as c¢-. It reaches 1,000,000, if e = 1 mm. This

means that, after the clement F.I. buckles, its load does not




N.A.C.A. Technical Mcmorandum No. 447 49

incrcase beyond the critical load: The stifféners alone support
the overloads. The platc does not fail and it can return to its

straight condition as soon as the compression is diminished.

Translation by Dwight M. Hiner,
National Advisory Committee
for Acronautics.
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Breaking load R in kg/mm2
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